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Understanding of degradation mechanisms in polymer:fullerene bulk-heterojunctions on the mi- 
croscopic level aimed at improving their intrinsic stability is crucial for the breakthrough of organic 
photovoltaics. These materials are vulnerable to exposure to light and/or oxygen, hence they involve 
electronic excitations. To unambiguously probe the excited states of various multiplicities and their 
reactions with oxygen, we applied combined magneto-optical methods based on multifrequency (9 
and 275 GHz) electron paramagnetic resonance (EPR), photoluminescence (PL), and PL-detected 
magnetic resonance (PLDMR) to the conjugated polymer poly(3-hexylthiophene) (P3HT) and poly- 
merifuUerene bulk heterojunctions (P3HT:PCBM; PCBM = [6,6]-phenyl-C61-butyric acid methyl 
ester). We identified two distinct photochemical reaction routes, one being fully reversible and 
related to the formation of polymer: oxygen charge transfer complexes, the other one, irreversible, 
being related to the formation of singlet oxygen under participation of bound triplet excitons on the 
polymer chain. With respect to the blends, we discuss the protective effect of the methanofullerenes 
on the conjugated polymer bypassing the triplet exciton generation. 



I. INTRODUCTION 

Conjugated polymers have received considerable atten- 
tion as materials for the fabrication of organic electronics 
and photovoltaic devices due to their remarkable semi- 
conducting and optoelectronic properties and the pos- 
sibility to process devices from solution^ For solar 
cells, being exposed to harsher conditions than many 
other device types, understanding the impact of differ- 
ent environmental influences is crucial to increasing the 
longevity of the cells'^. The performance of a bulk het- 
erojunction solar cell is determined not only by the en- 
ergetic matching of donor and acceptor materials, but 
also by defect states hindering proper charge separation 
and extraction. Previous studies of oxygen-induced de- 
fect states in polymer devices show that charge carrier 
mobilities decrease by orders of magnitude upon expo- 
sure to air^'^. Abdou et al.^ noted that under illu- 
mination, poly(3-alkylthiophene) forms a weakly bound 
charge transfer (CT) complex with oxygen. Due to the 
low spectral resolution in X-Band electron paramagnetic 
resonance (EPR; 9.4 GHz), the assignment of the EPR 
signal to poly(3-hexylthiophene)"'" (P3HT+) polarons or 
(P3HT:02)Qrp CT complexes remained elusive. Further- 
more, Liier et al.'' found partially irreversible photolumi- 
nescence (PL) quenching of P3HT and attributed the ori- 
gin to the quenching of singlet excitons with charged com- 
plexes. The chemical reactions behind the irreversible 
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effects were examined by Hintz et al.^. They showed 
that photo-oxidation happens primarily on the alkyl side 
chains, forming peroxide species, which in turn destroy 
the thiophene unit, but the initial phototoxicity attack- 
ing the side chain is still presumed to be governed by 
triplet photosensitization^. 

Our intention is to complete this picture by using the 
possibilities of magnetic resonance to investigate the ex- 
citation pathway leading to the attack of the polymer 
side chain. EPR facilitates monitoring of polarons and 
charged complexes in situ avoiding the detour over elec- 
tric contacts. By using high frequency (HF) EPR at 
275 GHz, we were able to separate the spectra of P3HT"'" 
polarons and (P3HT:02)ct complexes and clarify that 
standard X-Band EPR shows the superposition of the 
two contributions as one line. Additionally, the measure- 
ment of PL intensity and its resonant change (APL) us- 
ing the EPR extension, PL-detected magnetic resonance 
(PLDMR), allowed us to determine the degradation- 
related variations of the polymers' triplet yield. 



II. EXPERIMENTAL DETAILS 
A. Sample Preparation 

The P3HT polymer was purchased from Aldrich, and 
the [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 
was obtained from Solenne. No additional purification 
was performed. Sample preparation took place inside 
a nitrogen glovebox to avoid exposure to oxygen. The 
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materials were dissolved in chlorobenzene with a concen- 
tration of 20 mg/mL. A 0.1 mL portion of the solution 
was poured into quartz EPR sample tubes, and the sol- 
vent was evaporated under rough vacuum (final pressure 
3 X 10~^ mbar), yielding a thick film on the inner sam- 
ple tube wall. After drying, the sample was annealed for 
10 min at 140 °C. The P3HT sample tube stayed con- 
nected to the vacuum pump with an optional inlet valve 
for ambient air during the whole measurement cycle. The 
sample tube containing P3HT:PCBM (weight ratio 1:1) 
was sealed under vacuum with a blow torch. 



B. X-Band EPR 



275 GHz / 9.8 T. Lock-in detection using field- 
modulation was applied in a similar way as in the 
X-Band setup. Further experimental details are given 
else where For these measurements, P3HT was 

dissolved in dry toluene by stirring it at 60 °C for 1 h. 
Then the solution was stirred at room temperature for 
one week, whereby the capping of the vial was removed 
to allow the toluene to evaporate. Care was taken 
to prevent exposure of the P3HT polymer to air by 
keeping the material in a glovebox during the sample 
preparation. The resulting P3HT powder was then 
inserted in a small diameter quartz tube and mounted 
into the 275 GHz cavity. 



To obtain EPR curves and the evolution transients, a 
modified X-Band spectrometer (Bruker 200D) was used 
(9.4 GHz / 0.335 T). The sample was placed in a res- 
onant cavity (Bruker ER4104OR) with optical access 
and cooled with a continuous flow helium cryostat (Ox- 
ford ESR 900) allowing a temperature range from 10 K 
to room temperature. Illumination was provided by a 
532 nm DPSS laser arriving in the cavity on a sample- 
spot of roughly 4 mm in diameter with 80 mW, resulting 
in an intensity of ^600 mW/cm^. EPR was measured 
by using lock-in, with modulation of the external B-field 
as a reference. Simultaneously, the PL intensity of the 
sample was recorded with a silicon photodiode behind 
a 550-1000 nm filter. The time-dependent EPR mea- 
surements were performed at room temperature, and the 
magnetic field was set to a value corresponding to the 
g- factor g=2.0014 at the first derivative peak of the P3HT 
signal and stabilized by a field-frequency lock unit. The 
g-factor was calibrated for each measurement with the 
help of an NMR Gaussmeter (Bruker ER035M) and a 
microwave frequency counter (EIP 28b). 



III. RESULTS 
A. EPR 
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C. PLDMR 

For PLDMR, the same setup as in X-Band EPR was 
used, with a frequency synthesizer (Wiltron 69137A) as 
the microwave source. The microwaves amplified by a 
solid state amplifier arrive in the cavity with a power of 
~60 mW. Instead of the microwave absorption, the vari- 
ation of PL intensity (APL) due to resonant microwave 
irradiation was recorded. The measurements were per- 
formed with a lock-in amplifier, referenced by switch- 
ing the microwave radiation on/off in the kHz range. 
All PLDMR measurements shown here were recorded at 
T=10 K. 



D. HF-EPR 

The HF-EPR measurements were performed at 
room temperature with the resonant conditions 



FIG. 1. X-Band EPR spectra of P3HT taken at 295 K without 
illumination: (1) as prepared in vacuum, (2) in air, (3) after 
air and light exposure (1 h), (4) after additional annealing 
for 10 min at 140 °C in vacuum. The arrow points to the 
g-factor at which the evolution measurements were recorded 
(see Figure 4). 

Figure 1 shows the influence of light and air on the 
X-Band EPR signal of P3HT recorded at room tempera- 
ture without illumination. The initially very weak signal 

(1) is probably caused by residual impurities from the 
synthesis and can be ignored for further analysis. This 
signal is not caused by metallic catalysts, since those sig- 
nals would usually be observed at much higher g-factor 
(low field region), and no additional signals have been 
found for these batches. Upon exposure to light or air 

(2) the signal rises very slightly. Only with the combined 
exposure to air and green laser (532 nm) illumination 
over 1 h can a substantial increase of the EPR signal 
be observed (3). This signal is persistent; the spectrum 
has been recorded in the dark after illumination. It can 
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be completely removed (4) after an additional vacuum 
annealing step for 10 min at 140 °C. 

Abdou et al.^ explained this rise of the EPR signal 
by the formation of oxygen-induced CT complexes. The 
spectral shift in EPR they showed can not be confirmed 
with the data presented here. Also, the reported intense 
signal of pure P3HT in vacuum is not in accordance with 
the vanishing weak initial signal in the pristine sample 
(see Figure 1 (1)). Possibly, the P3HT presently available 
is of higher purity than was available in 1996. Due to the 
low spectral resolution of X-Band EPR, the assignment 
of the signal to CT complexes is rather ambiguous and 
needs further investigation. 



B. HF-EPR 
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FIG. 2. The HF-EPR signal at 275 GHz of an illuminated 
P3HT sample at room temperature. Symbols A and B indi- 
cate the principal axes of the g-tensors of two paramagnetic 
species thought to be P3HT''' and (P3HT:02)ct or '^ice versa. 
The asterisks (*) indicate signals of Mn^^ ions serving as g- 
markers. 

To clarify the assignment of the observed single EPR 
line at X-Band (9.4 GHz) to the proposed paramagnetic 
species, 275 GHz EPR experiments have been carried 
out at room temperature. Figure 2 represents the re- 
sult of the HF-EPR experiment on an illuminated P3HT 
sample. The two observed components are thought to 
be the EPR signals of the pair formed by PSHT"*" and 
the (P3HT:02)qx complex. From the comparison of the 
measured EPR curve with the simulated EPR spectrum 
of g-anisotropy-broadened EPR lines, it is concluded 
that the curve originates from at least two paramagnetic 
species A and B. In Figure 2, the principal axes of these 
species A and B are indicated. Due to the extremely 
small difference in the g-tensors, we have no means to 
attribute species A to P3HT+ and B to (P3HT:02)ct or 
vice versa. 



The P3HT sample was subsequently subjected to sev- 
eral treatments (similar to the experiments shown in Fig- 
ure 1) at room temperature, and the effect was monitored 
on the 275 GHz EPR signals. First, the sample was kept 
in the dark in a gaseous helium atmosphere and the EPR 
signal was recorded. Then, still in the gaseous helium at- 
mosphere, the sample was exposed to light from a Hg arc, 
and an identical EPR signal was observed as in Figure 
2. Exposure to air without illumination did not affect 
the signal. A considerable increase was observed when 
the sample was exposed to light and air, and both sig- 
nal contributions showed the same increase in intensity. 
This indicates that the formation of both P3HT+ and 
(P3HT:02)crp is a coupled process, and that the stoi- 
chiometric ratio is 1. Finally, when subsequently keeping 
the sample in the dark, the signal did not change appre- 
ciably at room temperature. 

The experiments show that it is the combined effect of 
light and air (oxygen) that causes the generation of the 
two paramagnetic species. In X-Band EPR, the super- 
position of both contributions is measured as one signal. 

C. EPR of P3HT:PCBM Blends 
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FIG. 3. X-Band EPR spectra of a P3HT:PCBM 1:1 blend 
taken at 100 and 295 K under illumination. The partially 
overlapping signals from P3HT+ polarons and PCBM" an- 
ions at 100 K are marked. Almost no signal can be observed 
at 295 K. 

Figure 3 shows the X-Band EPR spectra of a 
P3HT:PCBM 1:1 blend at 100 and 295 K. At low temper- 
atures, the typical well-known spectrum of the two over- 
lapping signals of P3HT+ polarons and PCBM" anions 
can be observed^^'^''. However, at room temperature, 
only a marginal signal at g=2.002 can be detected, show- 
ing no illumination dependence, and can thus be assigned 
to residual impurities similar to the EPR signal observed 
in Figure 1(1). In other words: The PCBM~ anions and 
especially the P3HT+ polarons can not be observed with 
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standard EPR methods at room temperature. This is 
caused by the fast recombination of these charge carri- 
ers at room temperature^'^' The fact that they can 
be observed as dedicated signals at lower temperatures 
stems from strong charge localization, i.e. trapping of 
charges in separate domains of the blended materials. 
This hinders recombination and therefore prolongs the 
charge carrier lifetime enormously, yielding the observed 
EPR spectra. 

Thermal annealing of the blend samples does not 
change the observed lineshapes at low temperatures. 
However, the signal intensity decreases dramatically 
upon annealing due to small-scale phase separation and 
the resulting loss of interface surface. ^^'^^ The residual 
signal observed at room temperature (Figure 3) does not 
change substantially. 

After comparison of the spectra shown in Figures 
1-3 the following conclusion can be drawn: The 
oxygen-induced P3HT+ polaron and (P3HT:02)c'j, com- 
plex demonstrate very slow recombination compared to 
P3HT:PCBM blends. In fact, the created paramagnetic 
species are persistent at room temperature and do not 
recombine readily after switching off the illumination. 
Thus at least one of the partners must be a trap state at 
room temperature hindering recombination. 
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FIG. 4. The evolution of the EPR signal (g=2.0014 peak), 
the PL and the PL quenching (=1-PL) at room temperature. 
Before s, the sample was illuminated under vacuum. From 
that point on, air was introduced. This led to a continuing 
power law rise of the EPR signal and a decay of the PL. The 
inset shows a log-log plot of this time-range. From 3600 s 
on, the sample was evacuated, which led to slow decay of 
the EPR signal, but no change for the PL. After annealing, 
the PL recovered slightly, while the EPR signal was removed 
completely. 



D. PL of P3HT under oxygen exposure 

For all samples studied, typical P3HT PL could be ob- 
served (see Supporting Information). Upon addition of 
PCBM or oxygen, these spectra were partly quenched, 
yet the spectral shape remained identical. This demon- 
strates that no other radiative recombination processes 
were enabled, and the singlet excitons responsible for PL 
of P3HT were unaffected. Thus the PL intensity is a 
proper scale to quantify singlet quenching in P3IIT un- 
der oxygen exposure. 

E. EPR/PL Long-Term Evolution 

After clarifying the origin of the EPR signals in 
oxygen-exposed P3HT, we studied the temporal evolu- 
tion of this signal with X-Band EPR and simultaneously 
measured the PL intensity as shown in Figure 4. 

Before (t<0 s), the sample was in vacuum under con- 
stant illumination. PL and EPR signals changed only 
slightly in the time scale of hours, as long as the sam- 
ple was exposed either to air (not shown) or light. We 
surmise that oxygen was desorbed into the P3IIT, but 
without light any interaction was strongly suppressed, 
and the oxygen could be removed by evacuating the sam- 
ple. This is consistent with the theoretical estimates of 
Lu and Mcng^'', who postulate a highly oxygen-pressure- 
dependent hole-doping of P3IIT in the dark. When using 
environmental air at atmospheric pressure (as we did), we 
would expect only marginal doping without light. 



The situation changes under concurrent light and air 
exposure from t=0 s on: the EPR signal rises, and the 
PL is quenched by 35 % within 1 h. This evolution is 
independent of the gas diffusion into the sample bulk, 
which was confirmed by reversing the exposition order to 
first oxygen and then light (not shown) . A diffusion time 
less than 1 s can be estimated from a layer thickness of 
« 1 pm and a diffusion constant for O2 in P3IIT films of 
1.2 pm^s~^ (from ref^) or even 0.15 pm^s^^ (from rcf). 

From 3600 s (1 h) on, the sample was evacuated again. 
This did not result in a recovery of the PL, but the EPR 
signal slowly decreased within hours. Applying a ther- 
mal annealing step (140 °C for 10 min) while still evac- 
uating the sample removed the EPR signal, whereas the 
PL recovered only slightly. This means that the weak 
physical adsorption of molecular oxygen to P3HT is fully 
reversible when reducing the oxygen-pressure by evac- 
uating. The annealing assists this process by creating 
additional thermal motion of the polymer. The fact 
that the PL remained quenched, although EPR mea- 
surements state that all CT complexes were removed, 
implies that another interaction process is responsible 
for the PL quenching. We therefore conclude that the 
irreversible part of the PL quenching is due to photo- 
oxidation of the polymer. 

The inset in Figure 4 shows the time range of 0-3600 s 
(light and air exposure) in a log-log plot for the EPR 
signal and the PL quenching (=1-PL). The different 
curve shapes are obvious. The EPR enhancing and the 
PL quenching occur at different time scales, supporting 
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the assumption of two separate interaction processes be- 
tween P3HT and oxygen. The EPR signal evolution can 
be fitted with a power law {EPR signal — c ■ t°') which 
is in accordance with former results on radiation-induced 
(in our case, laser light) defect production^^. We found 
a — 0.477 which should be dependent on the experimen- 
tal conditions (partial 02-pressure, light intensity). The 
PL quenching was fitted using an equivalent formulation 
of the HiU equation^^'^°. 

7-, 7- , . 7-, r , P^end P start 

PL quenching = PLstart H , ,^sn , -, 

(r/t) +1 

We found r = 21.7 s which is also dependent on ex- 
perimental conditions. More interesting is the exponent 
n = 0.547 describing the affinity of a macromolecule (e.g., 
P3HT) to undergo a chemical reaction with potential lig- 
ands (e.g., O2). For n > 1, a positively cooperative reac- 
tion is to be assumed, i.e., once one ligand is bound to the 
molecule, its affinity for other ligand molecules increases. 
For rt = 1, no change in affinity is to be observed. If 
n < 1, the affinity of the molecule decreases during the 
ongoing interaction with further ligands. This seems to 
be the case for photo-oxidation of P3HT. Already de- 
graded polymer-segments have a reduced affinity for fur- 
ther interaction with oxygen. 

Regarding the reversibility of the oxygen doping pro- 
cesses, our results contradict the findings of Liao et. al.:^^ 
They claim that the doping is reversible when facilitated 
with visible light, and only UV excitation leads to ir- 
reversible photo-oxidation. Our results concerning the 
PL quenching show irreversible degradation already with 
green excitation light, however with a rather high light 
intensity of ^-^600 mW/cm^. Liier et al.^ attributed the 
PL quenching mainly to the formation of CT complexes, 
while we show that even after complete removal of these 
complexes, the PL remains quenched. Hence, only the 
slight reversible recovery of the PL after the thermal an- 
nealing might stem from PL quenching due to CT com- 
plexes, while the irreversible part is photo-oxidation. 



F. PLDMR 

The open question is the connection between the re- 
versible CT complex formation and irreversible photo- 
oxidation, and hence the destruction of the polymer. 
To answer it, we investigated the triplet generation 
properties of P3HT in relation to oxygen degradation. 
For P3HT it is well-known that, without an electron- 
accepting moiety, a significant part of generated sin- 
glet excitons undergoes an intersystem crossing (ISC) to 
the energetically favorable triplet state^^. Other con- 
tributions to the triplet yield are the recombination of 
nongeminate polarons^'^'^^ or (in P3IIT:fullercnc blends) 
electron back transfer from the fuUerene (lowest unoccu- 
pied molecular orbital) LUMO level if energetically pos- 
sible^'"' . 

Figure 5 shows PLDMR spectra of P3HT and 
P3HT:PCBM 1:1. The Am^ = ±1 and the first-order 
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FIG. 5. PLDMR spectra taken at 10 K in vacuum. (1-3) 
P3HT: (1) as prepared, (2) after air and light exposure, (3) 
after additional annealing for 10 min at 140 °C in vacuum. 
(4) P3HT:PCBM 1:1. The right inset shows a zoom on the 
central peak (P3HT 1-3) and the left inset shows the gener- 
ation mechanism of the measured triplet pattern. Arrows A* 
and B* indicate possible triplet orientations. 



forbidden Amg — ±2 half field transition can be ob- 
served. The central peak in these spectra originates from 
nongeminate polaron pairs or can also be referred to as 
"distant triplets" with little or no zero-field splitting. 
The pristine curve (1) shows a distinct powder pattern 
observed for most thiophene-based polymers. Zero-field 
splitting D is responsible for the wing-like appearance of 
the powder pattern and is also correlated with the spatial 
extent of the corresponding triplet state. The different 
peaks result from the P3HT crystalline orientation in re- 
lation to the external magnetic field. We can distinguish 
between orientations A* and B*. 

Note that the PLDMR signal is normalized to the pho- 
toluminescence (APL/PL), so the reduction of the total 
PL intensity has no influence on the overall signal height 
in PLDMR. 

The triplet exciton patterns in the pristine sample 
(Figure 5(1)) are almost completely quenched after ex- 
posure to oxygen (2). The initially generated singlet ex- 
citons are separated before a possible ISC can occur, as 
oxygen is a very good electron acceptor^^. Similar shape 
of the PLDMR spectrum was observed in P3HT:PCBM 
blends (4), where the CT from polymer to fuUerene is 
the dominant process and therefore completely prevents 
ISC to the triplet state. Yet the PL quenching is usu- 
ally incomplete, leaving a small fraction (< 5 %) of the 
P3HT PL, enabling the application of PLDMR technique 
to blends. 

After removing the adsorbed oxygen by evacuating and 
annealing (see the EPR section), only chemically bound 
oxygen remains, which is responsible for the irreversible 
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PL quenching. In the PLDMR signal, the reduction of 
the overall signal height (3) in comparison to the pris- 
tine PLDMR (1) is attributed to the triplet generation 
in P3HT being a strongly multimolecular process^ 
In a degraded polymer, the intact thiophene units have 
less other intact units in their vicinity, preventing triplet 
generation. 



IV. DISCUSSION 

Figure 6 shows the proposed oxygen-related degra- 
dation process scheme in a conjugated polymer, P (e.g., 
P3HT). The polymer (P) can be excited by visible light 
{hi/ exc.) yielding a singlet exciton (^P*). This ex- 
citon can recombine to the ground state by radiative 
{PL) and non-radiative {non r.) processes. Another 
possibility is the relaxation of the singlet via intersys- 
tem crossing {ISC) to the energetically favorable triplet 
state (•^P*)^^, which can also be populated via alternative 
routes, e.g., via nongeminate polarons (not shown)^'^'^^. 
Under certain conditions, the formation of triplets in 
polymer ifuUerene blends is also possible as it depends 
on the relative energy positions of polymer triplet ex- 
citons and the fuUerene LUMO leveP^. Formed triplet 
excitons located on the polymer can then nonradiatively 
{non r.) relax to the ground state. Additional reactions 
emerge upon introduction of molecular oxygen, which has 
a triplet ground state configuration (^02). 
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FIG. 6. Oxygen related degradation processes in a conjugated 
polymer, P. Details are given in the text. 

The polymer triplet excitons can undergo energy trans- 
fer {ET) to the triplet oxygen to generate excited singlet 
oxygen (-'^02)^^. This is the reactive species for photo- 
oxidation of the polymer (depicted by the oxidation to 
"PO2") that irreversibly quenches PL and bleaches the 
UV-vis absorption by attacking the polymer^'*^. 

Another possible mechanism for the production of sin- 
glet oxygen is presented in the literature: optically ex- 
cited P3HT:oxygen complexes, which can in turn relax 
to singlet oxygen states^^. However, this process cannot 
be confirmed by the results presented in this work, since 
the PL quenching saturates upon formation of CT com- 
plexes (see Figure 4). Yet the absorption spectrum of 
CT complexes is unknown, and green laser illumination 
(532 nm) might not be suitable to initiate this reaction. 

The other major reaction route shown is CT from the 
polymer to oxygen to create positively charged polarons 



(P+) and weakly bound CT complexes ((POz)"). The 
creation of free charge carriers (P^/ P~) via singlet exci- 
tons is also possible, which then react with oxygen, yield- 
ing the same result (not shown) This direct creation of 
free charge carriers is only relevant for high-energy pho- 
tons (blue - UV) as can be seen by the external quan- 
tum efficiency of a P3HT diode'^". The polarons and 
CT complexes formed give rise to the observed EPR sig- 
nals in Figures 1 and 2 and can be removed slowly in 
vacuum at room temperature (see Figure A: t > 3600 s) 
or rapidly by additional annealing at 140 °C (see also 
Figure 1). This reversible doping also occurs very slowly 
in the dark at room temperature as shown by EPR mea- 
surements and proposed by Lu and Meng^'', but proceeds 
orders of magnitudes faster upon excitation {hv exc.) of 
the polymer. 

The oxygen-induced doping in organic solar cells is re- 
sponsible for a loss of short circuit current (Jsc) £^nd 
reducing the overall mobility of charge carriers, while 
photo-oxidation of the devices also leads to a reduction 
in fill factor (FF) and open circuit voltage (Vqc)^- 

Additionally, the formation of polarons and CT com- 
plexes opens another nonradiative recombination channel 
{non r. / (P"*" -|- (P02)~)) for singlet excitons back to the 
ground state (^P* P)^. This is the observed reversible 
part of the PL quenching and blocks the less favorable 
ISC to the triplet state. Thus the formation of polarons 
and CT complexes prevents further irreversible degra- 
dation by triplet-sensitized singlet oxygen. This can be 
observed in Figure 4: with increasing EPR signal, the re- 
duction of the PL intensity stops almost. This is backed 
up by the quenched triplet generation found in PLDMR 
(see Figure 5(2)). 

A similar protection effect through quenching of the 
triplet generation was seen in poly(phenylene vinylene) 
(PPV):PCBM blends, which are also more robust against 
oxygen exposure than pure PPV'^^''^^. This is in accor- 
dance with the presented PLDMR results, showing that 
in P3HT:PCBM blends, no triplets are generated (see 
Figure 5(4)) and thus would also prevent the creation of 
singlet oxygen over triplet photosensitization. However, 
this protection by quenching of the triplet production is 
not present in all polymer:fullerene blends and might be 
problematic, especially for new high-voltage blend com- 
binations^^ . 



V. CONCLUSION 

In conclusion, we demonstrated that at least two dif- 
ferent mechanisms are responsible for the photodegrada- 
tion of P3HT. With high-resolution EPR techniques, we 
have shown that the formation of CT complexes, previ- 
ously proposed by Abdou et al., is fully reversible and is 
only partially responsible for the PL quenching. Instead, 
the dominant PL quenching mechanism is the irreversible 
photo-oxidation of the polymer by triplet-photosensitized 
singlet oxygen, as follows from the PLDMR. Important 
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for the organic photovoltaic (OPV) apphcations is that 
the polymer degradation processes become significant 
only when it is exposed to light. Dark oxygen exposure 
can be reversed by annealing in a vacuum. These results 
are supported by the PLDMR measurements, which show 
a suppression of the triplet generation by polarons and 
CT complexes. In polymer-fullerene blends, a protective 
effect of CT complexes and fuUerenes bypassing the for- 
mation of singlet oxygen and hence the degradation of 
the polymer can be anticipated. 
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